Background: Primate distal forelimb behaviors are commonly assessed using reach-to-grasp 21
Introduction 45
There is growing interest in understanding the neurophysiological correlates of dexterous actions 46 in non-human primates (Schaffelhofer and Scherberger, 2016; Vaidya et al., 2015 During experimental testing, subjects were placed in a nonhuman primate chair (Custom,  109 University of California National Primate Center, Davis, CA). The chair had a front door allowing 110 subjects to interact with the space in front of the chair. Once this door was opened, a custom-111 built device platform was wheeled into place and attached to the chair. The platform had a thick 112 vertical wall of high-density polyethylene, which covered the door opening. This wall had an 113 aperture positioned so that one arm could extend from the chair and interact with the devices. 114
Both devices were mounted on plastic sheets which could be attached onto the surface of the 115 device platform using latches, allowing devices to be easily swapped. The mounting sheet for the 116 RTG task positioned the task at a 10° angle from the bottom front edge of the device to 117 accommodate visibility. 118
Acrylic structural components were cut from cast acrylic 0.56cm (or 1/4") thick for the RTG task 119 and 0.30cm (or 1/8") and 1. (Adafruint_MPR121, Github.com). These Arduinos also controlled lights which served several 129 functions, including trial-indicator lights that facilitated offline clipping of videos into individual 130 trials, lights which indicated that the device was waiting for hold-initiation, and lights which indicate 131 which shelf is the target (Supplemental Figure 2) . The rotating components were driven by a high-132 torque stepper motor (17HS19-1684S-PG14, Stepperonline, Nanjing City, China), coupled with a 133 screw hub (part number 545636, Servocity, Winfield, KS) and powered by stepper-motor driver 134 (TB6600, Dfrobot.com, Shanghai, China) which was operated by a separate Arduino. 135
For the RTG task wells were 0.59cm deep, with a base diameter 0.5cm smaller than the opening 136 diameter. Opening diameters tested here were 1.3cm, 1.9cm, 2.5cm, 3.1cm, and 3.7cm. A 1.0cm 137
well was deemed too difficult and was not used. Wells had hinged bottoms allowing the pellets to 138 be automatically cleared after the trial (Supplemental figure 4) . Pins for the well-hinges were made 139 from 0.2cm thick stainless-steel rods (ASIN B00KHUR5AQ, Amazon.com). 140
For the RTG task, pellets were dispensed from an automated pellet dispenser (80209-190S, 141
Lafayette Instrument, Lafayette, IN) connected to the pellet-dispenser arm using a short strip of 142 surgical tubing with an inner diameter of 3/8" (0.95cm). For the RTGCO task, small food rewards 143
were placed on the shelves (2.0cm wide by 2.25cm deep by 0.75cm tall) while access to the shelf 144 was blocked. If the reward was not retrieved before the trial ended, it was removed manually after 145 the trial. 146
The capacitive-touch sensors were connected to wires which were crimped onto screws, which 147 served as the trial-initiation sensor. For the RTGCO task, this screw was held in place by a 3D 148 printed screw mount which allowed a non-conductive coupling to the screw hub (Supplemental 149 figure 8). Two cameras (CM3-U3-13Y3C-CS, Point Grey, Richmond, BC, Canada) were mounted on a 157 stainless-steel frame attached to the device platform. Camera shutters were controlled via 158
Arduino-generated 5V trigger pulses delivered through the general-purpose input/output (GPIO) 159 ports, allowing synchronous image acquisition. These trigger-pulses were recorded by the 160 electrophysiology rig, thus allowing for camera/physiology synchronization. For each trial 161 capacitive-sensor release, reach-start, grasp-start, grasp finish, number of attempts, and a trial-162 score were assigned. 163
Capacitive-sensor release was automatically detected from the sensor state which was recorded 164 by the electrophysiology rig; reach-start was defined as the moment the center of mass of the 165 hand began moving towards the target; grasp start was defined as the moment a finger came in 166 contact with the well (RTG) or broke the plane of the reward window (RTGCO); grasp finish was 167 the moment the pellet was securely gripped and began retracting (RTG) or the reward fully passed 168 the plane of the reward window (RTGCO); number of attempts was the number of contiguous 169 periods of contact with the reward; trial scores where either 1: reward successfully retrieved, 2: 170 reward removed from well/shelf but not maintained in a grasp (e.g. dropped), 3: reward not 171 successfully removed from well/shelf, 4: invalid trial (i.e. subjects did not attempt to retrieve a 172 reward). Grasp duration was calculated as time from grasp start to grasp finish. Percent success 173 was calculated as 174 ( ) * 100 . 175
Cameras were calibrated using synchronous images of checkerboards and MATLAB's Stereo 176 Camera Calibration app. Each pair of synchronous annotations were used to triangulate the 177 finger location using the camera calibration matrices (see below). 178 179 2.5 Behavior training 180 Once subjects adapted to the primate chair and received rewards placed in the devices, they 181 began executing trials with the device lights/motors active. Trial-counts were gradually increased 182 over training days. Subjects were trained for approximately one month on the final task design 183 prior to stroke-induction, at which point they had stable behavioral scores over three days and 184 could perform a minimum of 50-trials/day for each task. To maintain a high-level of motivation, 185 subjects received bonus rewards after successfully completing several trials which could be a 186 liquid or solid food treat depending on subject preference. 187
Following stroke-induction, subjects were given a minimum 1-week postoperative recovery period 188 prior to resuming testing. Upon resuming testing, subjects initially had difficulty consistently 189 making contact with the initiation screw. As they recovered they were rewarded progressively until 190 they were able to perform the task again. Each trial was initiated with a random hold-period 191 between 0.5-0.8s, after which the target was presented by having the well rotate into an 192 accessible position (RTG) or the window-blocker rotate out of the way (RTGCO). 193 194 2.6 Stroke induction and electrophysiology implantation surgery 195 Lesions and electrode implantation were performed in a single surgical session. Preoperatively, 196 subjects were sedated with ketamine hydrocholoride (10 mg/kg), administered atropine sulfate 197 (0.05 mg/kg), prepared and intubated. They were then placed on a mechanical ventilator and 198 maintained on isoflurane inhalation (1.2-1.5%). Subjects were positioned in a stereotactic frame 199 (David Kopf Instruments, Tujunga, CA) and administered mannitol (1.5 g/kg) intravenously prior 200 to the craniotomy. A skin incision, bone flap, and dural flap were made over the lateral 201 frontoparietal convexity of the hemisphere and the caudal region of the frontal lobe and rostral 202 region of the parietal lobe was exposed unilaterally. After cortical exposure, the lesion was 203 induced using surface vessel coagulation/occlusion followed by subpial aspiration targeting the 204 forelimb region of primary motor cortex using anatomical landmarks. Following resection, a flap 205 of the dura was sutured to cover the lesioned area, while leaving a small window anterior to the 206 lesion for electrode implantation. A microwire recording array was targeted to the dorsal premotor 207 cortex (PMd) using anatomical landmarks and inserted to approximately 2mm. Another microwire 208 was implanted in the primary somatosensory cortex. The galea aponeurotica, temporalis muscle 209 and skin were closed using standard surgical procedures. Each animal was carefully monitored 210 post-operatively for 7 days. 211 212
Electrophysiology 213
Electrophysiological recordings were made using a ZIF-Clip based 64-channel microwire array, 214 connected to a 128-channel PZ5, RZ2 processer, WS8 workstation and RS4 data streamer 215 (Tucker-Davis Technologies, Alachua, FL). To extract spiking information all channels were 216 referenced to a pair of titanium cranial screws in the contralateral hemisphere, bandpass filtered 217 from 500-10,000hz, processed at 24414hz and thresholded to detect events exceeding 5-218 standard deviations. Waveforms were visually verified online. 219 220
One challenge we encountered using this setup was electrical noise interfering with the 221 electrophysiological recordings. In particular, there was potential for interference while subjects 222 were touching the capacitive touch sensors. A large portion of the electrical noise was mitigated 223 by ensuring common grounding of all Arduino boards. There were further complications with the 224 capacitive-touch sensor in the RTGCO task where the sensor is part of the same physical assembly 225 as the motor drive shaft. This was addressed by building a 3D printed plastic mount for the screw 226 that served as the capacitive touch sensor. This isolated the sensor from the conductive set-screw 227 hubs (Supplemental Fig. 7 ). 228 229 230
Statistical analysis 231
To calculate reach-related tuning, firing rates in the period 500ms prior to capacitive-touch sensor 232 release were compared to the target angle using established methods. Briefly, the firing rate was 233 estimated from the target angle using the following equation 234
Where f represents the firing rate, θ represents the target angle. The coefficients, B, were 236 estimated using linear regression (Ganguly and Carmena, 2009 267 3). Both subjects demonstrated decreased grasp durations that eventually recovered to pre-stroke 268 performance levels (Fig. 3A,C ). MMU986 showed a persistent deficit in percent success (Fig. 3B ), 269 while MMU127 demonstrated recovery with both metrics (Fig. 3C, D) . 270
Here we analyzed data from the 64-channel microwire array implanted in PMd, which was in the 271 anterior perilesional area. Neural responses were time-locked to capacitive touch sensor release, 272 or behavioral timepoints identified from videos including reach start, grasp start and grasp finish 273 (Fig. 4A) . Figure 4B and C show responses from MMU986 unit35 for 25-trials retrieving pellets 274 from a 1.3cm well with responses locked to capacitive touch-sensor release, exhibiting clear 275 event-related firing rate modulation. This was investigated across units by calculating the number 276 of channels with significant increases or decreases from baseline firing over time relative to 277 capacitive-touch release (Fig. 4D) . The same can be seen for responses locked to grasp-start for 278 MMU986 unit60 (Fig. 4E, F) and across the population (Fig. 4G) . 279 and raster plots (Fig. 5A ) aligned to capacitive-sensor release showed activity that was 284 significantly modulated by target location. One representative testing day for MMU703 showed 285 significant reach-related activity for 21 out of 64 units in the 500ms before capacitive-sensor 286 release (Fig. 5B) . 287 288 Discussion 289
In summary, our results demonstrate that our automated forelimb assessment apparatus can 290 facilitate initial training and assessment of motor recovery after injury as well as be compatible 291 with neurophysiological monitoring. The incorporation of wait and trial cues allowed us to easily 292 lock neurophysiological data to relevant parameters. The temporal resolution was such that it 293 could be easily integrated with our electrophysiological workstation. 294
An advantageous feature of our design is that the wells are modular and easy to swap in and out, 295 thus allowing further customization of the task. Other research has made use of modified reach-296
to-grasp designs that use slots or crosses to constrain the grasping behavior (Schmidlin et al., 297 2011). Such alterations could be easily implemented while retaining automation and 298 experimenter/subject isolation. Given its flexibility, the setup is also amenable to evaluating a 299 wide spectrum of models; well ports are designed to accommodate a range of possible well-sizes 300 and as well as non-well elements. For example, it is possible to change the well for novel objects 301 for learning and/or studies of dexterous manipulation (Schaffelhofer and Scherberger, 2016) . 302
While this setup has significantly improved our ability to train and monitor behavior, there are 303 several remaining cumbersome steps. This includes assessment of kinematics and behavioral 304 scoring (e.g. duration of grasping). This still requires manual scoring; albeit we have developed 305 graphical user interfaces that can improve this process. Future areas of development include the 306 addition of either marker based (Rouse and Schieber, 2015) or markerless tracking (Overduin et  307 al., 2010; Schaffelhofer and Scherberger, 2012). Moreover, the addition of sensors to the objects 308 themselves can allow us to determine the moment of contact as well as other trial parameters. 309
It should be noted that while reach-to-grasp and center-out tasks do an excellent job of 310 dissociating distal and proximal motor control, the dynamic coupling of motor systems makes 311 complete isolation impossible Schieber, 2016, 2015; Saleh et al., 2012) . It is 312 reasonable to expect that wells of different sizes could lead subjects to supinate/pronate in 313 preparation for different grasp strategies, and that retrieving rewards with the arm at different 314 angles will necessitate different hand postures. While this is true, the features of interest in these 315 tasks, namely grasp duration, number of attempts, and success rate for reach-to-grasp, or reach-316 trajectories and reach-direction tuning for the center-out task are independent of this kinematic 317 detail. Future studies will focus on refining kinematic assessments to further assess such aspects 318 of object manipulation. 319 320
Conclusion 321
The RTG and RTGCO are widely used methods for examining distal and proximal forelimb motor 322 control in non-human primates respectively. There are several issues limiting the utility of these 323 setups in research, including a trade-off between the cost of commercial solutions versus 324 reproducibility from custom-solutions, the ease and reliability for training non-human primates to 325 use them, the requirement for experimenters to interact with the subjects and challenges of 326 associating neural activity with behavior. Here we present inexpensive customized setups that 327 incorporate capacitive touch sensors for trial initiation allowing easy synchronization between 328 behavior and neurophysiology. We are hopeful that this will allow greater translational 329 
